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INTRODUCTION 
The objective of this work was to develop an eddy current method for meas-
uring fiber volume fraction in continuous-fiber metal matrix composites. Because 
an eddy current measurement can be affected by the spatial distribution of fibers as 
well as the overall fiber density, the measurement method had to be tolerant of 
possible variations in spatial distribution that might be encountered in practice. 
For this reason, the work began with the development of models of the effective 
resistivity tensor for a composite with an arbitrary fiber distribution and the result-
ing eddy current probe response [1,2]. The intent was to use these models to 
help design a measurement method and to test the method for ordered and dis-
ordered arrangements of fibers. 
In this paper, comparisons of model predictions are reported with published 
experimental data for an AlIB composite [3], which served to verify the reliabil-
ity of the models. Also described are a volume fraction measurement method 
suggested by Burke [4] and calculated data that show how uncertainties in the 
fiber distribution affect the accuracy of the measurement method. Finally, some 
preliminary thoughts are presented on the design of a probe for making volume 
fraction measurements. 
EXPERIMENTAL VERIFICATION OF MODELS 
The experimental arrangement used for probe impedance measurements as a 
function of frequency [3] is shown in Fig. 1. The plate was a 2-mm-thick sheet of 
AlIB composite; coil and liftoff dimensions are given in Ref. 3. As illustrated in 
the figure, the x direction was chosen along the fibers; the y direction, across the 
fibers parallel to the surface; and the z direction, normal to the surface. 
To verify the models, two sets of theoretical calculations were made; and each 
set was compared, respectively, with experiments. The first set of calculations were 
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Fig. 1. Experimental arrangement for the measurement of coil impedance for an 
aluminum/boron composite. After Burke [3]. 
predictions of the resistivity tensor. Input data for these calculations were the 
resistivity of the matrix and the fiber volume fraction. Calculations were performed 
first for arrays of fibers with positions randomly perturbed from a square array. 
Resistivities from nine such perturbed square arrays were then averaged to give the 
final predicted resistivity tensor. However, from photomicrographs of sections of 
the specimen, it was noted that the average fiber spacing in the y direction was 
slightly smaller than the z spacing [3]. To see how such anisotropic spacing affects 
the resistivity tensor, an additional calculation was done with the y spacing arbi-
trarily taken to be 7/9 of the z spacing; the volume fraction for this rectangular 
array was the same as for the square arrays. 
Calculated and measured [3] resistivities are shown in Table 1; the resistivity 
in the z direction was not measured. Off-diagonal components were also calcu-
lated, but these values were small and are not shown. Agreement between theory 
and experiment in the x and y components was good for both the square and rec-
tangular arrays, thus verifying the accuracy of the model, at least for transverse 
resistivities. The calculations also indicated that y and z resistivities were equal for 
the averaged square arrays, but not for the rectangular array. This means that in 
the calculation of probe response, a model for uniaxial anisotropy can be used in 
the square case; but a more general theory is needed for the rectangular array. As 
was reported last year [2], our probe response model can handle the more general 
case. 
The second set of calculations used the calculated resistivities in Table 1 for 
predictions of probe impedance changes caused by the presence of the composite 
plate. The results are compared with experimental data in Figs. 2 and 3. The 
quantities plotted here were normalized by dividing by the calculated reactance of 
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Table 1. Measured and calculated resistivities in ",n em for an aluminum/boron 
composite. Experimental data are taken from Ref. 3. 
Experiment Square Rectangular 
Px 6.9 7.0 7.0 
Py 9.7 10.0 9.3 
Pz 10.0 16.9 
the coil in free space. Agreement between theory and experiment was quite good, 
even for the rectangular fiber array where the resistivity in the z direction was 
much larger than that in the y direction. The data also agreed with Burke's previ-
ously reported calculations for a uniaxially anisotropic plate [3], which are not 
included here. The fact that the rectangular and square results agreed is perhaps 
an indication that current flow in the composite is primarily parallel to the xy plane 
so that the z resistivity has little effect. 
Another set of measurements and calculations were made with a titanium 
alloy /SCS6 composite where SCS6 denotes a particular SiC fiber. In this case, 
because the resistivity of the titanium alloy was much greater than that of the alu-
minum alloy, and because the specimen was only about 1 mm thick, frequencies as 
high as 10 MHz had to be used to obtain useful data. A special coil and coil-to-
specimen mounting fixture were fabricated for these measurements to minimize 
probe resonance and stray capacitance effects. Even so, resonance effects were 
strong at higher frequencies, making difficult the accurate determination of impe-
dance changes caused by the specimen. An additional difficulty for the comparison 
of theory with experiment was that, in this case, neither the matrix resistivity nor 
the volume fraction were known; and these input data had to be estimated by trial 
and error. Considering the problems associated with making meaningful com-
parisons, satisfactory agreement was obtained. The results, however, were not as 
convincing as those for AI/B, and for this reason are not given here. 
VOLUME FRACTION MEASUREMENT METHOD 
As was noted last year [2], variations in fiber volume fraction and in matrix 
resistivity produce almost identical changes in probe impedance. It is therefore 
impossible, with a single eddy current measurement, to determine if an impedance 
change were caused by a fiber density or matrix resistivity change. What is needed 
is a way to remove possible effects of unknown matrix resistivity variations to give 
an unambiguous measure of fiber volume fraction. Burke [4] has suggested a 
measurement method that, with certain limitations, allows one to do this with a 
pair of measurements. The following discussion is an outline of his method. 
For perfectly ordered square or hexagonal arrays of fibers, it is possible to 
obtain an exact solution for the resistivity tensor [5]. Numerical results based on 
this theory show that the x and y resistivities have the form 
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Fig. 2. Calculated and measured [3] resistivity changes for an Al/B plate. The 
labels square and rectangular refer to arrays of fibers as described in the text. 
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Fig. 3. Calculated and measured reactance changes for the conditions described 
in Fig. 2. 
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(1) 
Py = PlIIlg(f) (2) 
where Pm is the matrix resistivity, f is the volume fraction, and g(f) is a known 
function of volume fraction. At small volume fractions, g(f) is the same for both 
the square and hexagonal cases; but the results differ for larger f [5). 
If we let 
(3) 
(4) 
then a simple calculation gives 
~ = 2 1-f -g (f) . 
<p> 1-f+g(f) (5) 
The quantity op the left side of Eq. (5) is measurable, while the expression on the 
right side is a known function of volume fraction only; the matrix conductivity 
dependence that appears in Eqs. (1) and (2) cancels in taking the ratio indicated by 
Eq. (5). Eq. (5), therefore, can be inverted to obtain the volume fraction as a 
function of 11 pI < P >. From data for a square array, in which the conductivity of 
the fibers is negligible compared to the matrix conductivity, the result is 
f = 0.0051 +0.8241(~)+ 1.7619(~)Z _2.2922(~)3 , (6) 
<p> <p> <p> 
which determines the volume fraction to better than 1 percent for f < 0.6. 
While this is a very direct and simple approach to the measurement of vol-
ume fraction, it is strictly valid only for ordered arrays of fibers. So the question of 
concern is how well it works when the array is disordered. The questionable part 
of the development is Eq. (2) because Eq. (1) is exact for any distribution of paral-
lel fibers, and the measurement method follows directly from these two equations. 
The central assumption, then, is that g(f) depends only on f and not on the fiber 
distribution. Strictly speaking, g(f) does depend on how the fibers are arranged; 
and this arrangement, in the practical case, is always unknown. The problem 
addressed next, therefore, was that of determining the sensitivity of the measure-
ment method to variations in the spatial distribution of fibers. 
LIMITATIONS OF THE MEASUREMENT METHOD 
A numerical study of the sensitivity of the measurement to fiber disorder was 
performed. The basic calculations were predictions of the resistivity tensor for a 
large number of disordered fiber configurations at four different values of the vol-
ume fraction for a material in which the fiber conductivity was much less than the 
1325 
matrix conductivity. The Px and Py values from each of these calculations were 
then used to determine the volume fraction according to the method described 
earlier. The test, therefore, was comparisons of calculated volume fractions with 
actual values. 
The disordered arrays were generated by starting with a regular hexagonal 
array with fiber spacing determined by a fixed volume fraction. Fiber positions 
were then randomly perturbed, subject to the constraint that the fiber displacement 
be less than some fraction ex of the original interfiber distance. The extent of the 
disorder was thus governed by the choice of ex, with small values giving rise to slight 
disorder and larger values producing more disorder. Fig. 4 shows two of the fiber 
arrangements generated in this way with ex = 0.2 and 0.4. 
The data shown in Fig. 5 are calculated volume fractions for disordered arrays 
plotted vs. actual volume fraction. Two trends were noted. The first was that the 
error in volume fraction determination increased with increasing volume fraction. 
This probably occurred because at low volume fraction the average interfiber dis-
tance is large and the exact configuration is relatively unimportant. At high volume 
fraction, on the other hand, significant clumping of fibers can occur; and the exis-
tence of clumps tends to increase one or more components of the resistivity, thus 
making the resistivity more sensitive to the details of the fiber configuration. 
The second trend (which is perhaps not so apparent in the figure) was that 
the volume fraction error also increased with increasing disorder. Additional data 
for ex = 0.6, which are not included in the figure, confirmed this trend. With the 
disorder parameter at this value, errors were somewhat larger at small volume 
fraction and very much larger at large volume fraction. 
The end result, then, was that the method worked reasonably well if the fiber 
distribution were not too disordered and the volume fraction were not too large. 
For a normal composite with relatively even fiber spacing and a volume fraction 
that does not greatly exceed the nominal value, the measurement method should be 
(a) (b) 
Fig. 4. Computer-generated fiber distributions for different values of the disorder 
parameter ex, which is defined in the text. (a) ex = 0.2, (b) ex = 0.4. 
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Fig. 5. Calculated vs. exact volume fraction for disorder parameters 0.2 and 0.4. 
The results show that the proposed measurement method gives reliable results for 
normal fiber distributions but may give spurious results if the volume fraction is too 
large and the fiber distribution is highly disordered. 
reliable. On the other hand, the existence of large clumps of fibers (Le., a region 
of high volume fraction and large disorder) will probably give anomalous results. 
This, in itself, may be a way of detecting abnormal conditions. 
IMPLEMENTATION 
To apply the measurement method, a way of measuring resistivities along and 
across the fibers is needed. This calls for a probe with a highly directional induced-
current distribution. The reasons are, first, so that the fiber direction can be deter-
mined by observing the probe response as a function of probe orientation and, 
second, so that something proportional to the resistivity can be measured in the x 
and y directions. Absolute resistivities do not have to be measured because the 
volume fraction calculation involves only a resistivity ratio. 
Although other probe configurations may be suitable, the plan is to use a 
modified form of the uniform field probe [6] with a separate sensor coil placed 
in the region where the induced current is uniform. Finite-element calculations are 
presently underway to aid in the detailed design of such a probe. 
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SUMMARY 
Previously reported models of the (1) resistivity tensor for a composite with 
an arbitrary distribution of parallel fibers and (2) response of an eddy current 
probe to such a composite have been verified through comparisons with experi-
mental data. A volume fraction measurement method suggested by Burke [4] was 
tested by applying the resistivity model to a number of randomly generated fiber 
arrangements. It was found that as long as the fiber distribution does not deviate 
too much from that of a normal composite, the measurement method should give a 
reliable determination of the volume fraction. 
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